The mechanisms of donor hepatocyte integration into recipient liver are not fully understood. We investigated mechanisms of both the integration and interaction of transplanted hepatocytes with host liver cells as well as the repopulation of the host organ following intraportal transplantation. Mature hepatocytes were injected into the portal vein of dipeptidylpeptidase IV (DPPIV)-deficient rats pretreated with retrorsine and subjected to 30% partial hepatectomy to ensure selective donor growth. The degree of integration and proliferation was studied by colocalizing transplanted cells (DPPIV positive) with connexin 32, MMP-2, and OX-43 (multilayer immunofluorescence imaging). FACS analysis was established to assess the extent of repopulation quantitatively. Transplanted hepatocytes reached the distal portal spaces and sinusoids within 1 h after injection. A small proportion of cells succeeded in traversing the endothelial barrier through mechanical disruption in both locations. Transplanted hepatocytes lost their membrane-bound gap junctions (connexin 32) during this process. Successful integration of the donor cells required up to 5 days, heralded by gap junction reconstitution and the specific basolateral membrane expression of DPPIV. MMP-2 degraded the extracellular matrix in close proximity to donor cells, providing space for cell division. FACS analysis revealed that more than 37% of the liver was repopulated by cells derived from donors at 2 months after transplantation. Our data demonstrate a high degree of donor cell repopulation of the host organ and provide valuable insight into the specific mechanisms of donor cell integration. Connexin 32 expression in transplanted hepatocytes may serve as an indicator of their effective incorporation and communication within the recipient liver. FACS analysis reveals an accurate method to determine quantitatively the extent of liver repopulation.
INTRODUCTION
initially entrapped in the branches of the portal vein, causing transient portal hypertension, which declines within 2-3 h. Only a small proportion of the trans-At present, whole-organ transplantation is the only therapy available for the advanced stage of many serious planted cells are washed into the hepatic sinusoids (29). Within the first 20 h following transplantation the cells liver diseases, and the need for suitable donor livers is continuously rising (33) . However, there is only limited traverse the endothelial cell barrier and Disse's space (10). Their successful integration into the recipient pa-availability of such organs. The search for an alternative to correct acute or chronic liver failure and genetically renchyma requires up to 1 week in an uninjured organ (12). However, the interaction of cells with their neigh-related defects is therefore of central importance (27, 32) . A promising option is the functional repopulation of the bors and the ECM in this process remains widely unclear. diseased organ through the transplantation of isolated cells (1,11).
The interaction of cells with their neighbors is essential for the maintenance of cell-cell recognition, signal-Most recently, transplantation of hepatocytes into the splenic pulp with subsequent migration to the liver ing, tissue integrity, migration, and differentiation. Gap junctions are hexameric aggregates of the connexin pro-(7, 21) or as an infusion via the portal vein has been favored (26, 30) , because only the liver itself as the "nat-teins in the plasma membrane, enabling direct cell to cell communication (35) . The major gap junction protein ural habitat" accommodates all the hepatotrophic factors for growth and differentiation (4). Transplanted cells are in the liver is connexin 32 (37) . The extent of its expres-32 KOENIG ET AL. sion depends on the pathophysiological conditions. Li-IV, retrorsine, and anesthetic ether were supplied by Sigma-Aldrich (Munich, Germany). All further chemi-gation of the bile duct in the rat significantly reduces expression of the protein (6), as does regional hepatic cals were reagent grade and unless specified otherwise were supplied by Sigma-Aldrich (Munich, Germany). ischemia/reperfusion (9). Connexin 32 expression is suppressed in viral hepatitis, cirrhosis (36), and to an even Primary antibodies to the antigens DPPIV (CD26), connexin 32, MMP-2, and OX-43 were used in this greater extent in hepatocellular carcinoma (37) . The degree of its expression in donor cells may well be related study as summarized in Table 1 . Secondary fluorescence labeling antibodies (Alexa Fluor) were purchased from to the extent of damage or successful integration following transplantation.
Molecular Probes (Goettingen, Germany). Interaction of cells with the extracellular matrix (ECM) is essential for the development, function, and mainte-Animals nance of tissue. The turnover and remodeling of ECM As recipient, a strain of DPPIV-deficient Fischer 344 by metalloproteinases and their inhibitors must be highly rats was established in our animal care facilities with regulated to guarantee steady pathophysiological condiparent animals kindly provided by Ezio Laconi from the tions. Proteolytic enzymes known as matrix metallopro-Istituto di Patologia Sperimentale, University of Cagliteinases (MMPs) play a central role in cell migration by ari, Italy. Syngeneic donor Fischer 344 rats (DPPIV posdegrading extracellular components during cancer invaitive) were purchased from Charles River Germany. The sion, tissue reconstitution after inflammatory damage, animals were housed under 12:12 h light/dark cycles and morphogenesis (17, 20, 28) . MMP-2 (gelatinase A) in with standard rodent feed and water available ad libitum. particular is a likely candidate for tissue remodeling in All animal breeding, care, and experimentation procethe liver, as reported during both organ development and dures were in accordance with German national and rethe perinatal period (2). The release of its active form is gional legislation on animal protection. promoted by proinflammatory cytokine, lipopolysaccha-Male and female recipients weighing 100-300 g rides, and growth factors. MMP-2 may therefore play a were injected with a 30 mg/kg dose of retrorsine 6 and critical role in the breakdown of connective tissue dur-4 weeks prior to transplantation (22) . Investigations iming cell integration after transplantation.
plemented groups of two to three animals at various time In previous transplantation studies, we used fluoresintervals. Recipient rats were terminated for tissue analcence-labeled hepatocytes to track the fate of transysis at 1, 19, and 24 h, 3 and 21 days, and 2 months planted cells within the recipient liver (26) . As the exogafter hepatocyte transplantation. Tissue samples from enous dye (DiI) diminishes very quickly and allows only each liver lobe were snap frozen and processed using short-term studies, we now favor the genetically altered histochemical or immunofluorescence staining methods. DPPIV-deficient Fischer 344 (F334) rat model as hepatocyte recipient, facilitating the location of transplanted Cell Isolation normal DPPIV-positive liver cells in long-term experi-Hepatocytes were isolated employing the two-step in ments (34). Recipients were treated with retrorsine, a situ collagenase perfusion of the liver first described by naturally occurring pyrrolizidine alkaloid, which effi-Seglen (31). The vitality of isolated hepatocytes was ciently blocks endogenous cell division (22) , effectively tested by trypan blue exclusion and attachment (2 h) to enabling the selective proliferation of syngeneic donor tissue culture plastic in standard medium containing cells. In addition, a 30% partial hepatectomy at the time 10% fetal calf serum. Cells displaying vitality greater of transplantation triggered the regenerative response (3). than 90% and cell attachment greater than 70% proved We focused our investigations into the expression of to be sufficient for further transplantation experiments. gap junction protein on transplanted hepatocytes with reference to their neighboring host cells and the degra-Partial Hepatectomy and Cell Transplantation dation of the host ECM. In addition, we examined the sinusoidal barrier and its breakdown following hepato-Animals were anesthetized by ether inhalation. A medial incision in the upper abdomen was performed to cellular transplantation. Furthermore, we aimed to develop a method to determine accurately the mass of liver expose the lateral segment of the left liver lobule, which was removed by central ligation (30% hepatectomy). repopulated following transplantation.
Thereafter, the portal vein was mobilized and 7 × 10 6 freshly isolated hepatocytes were slowly injected over 3 MATERIALS AND METHODS min. The laparotomy incision was closed by continuous Materials suture with Vicryl  (Ethicon, Germany). Animals were kept on a warming plate until fully recovered from anes-Culture medium, buffers, and fetal calf serum were supplied by GIBCO BRL (Germany). Collagenase type thesia. 
Tissue Fixation
Colocalization of DPPIV With Connexin 32, OX-43, or MMP-2 Tissues were snap frozen in 2-methylbutane at −70°C.
Tissues were first immunostained for DPPIV antigen Cryostat sections of 5 µm thickness were fixed in iceas described above and then further processed with a cold acetone for 10 min unless specified otherwise.
second immunostaining protocol. After rehydration in PBS, specimens were blocked and subsequently incu-Localization of Transplanted Cells With bated with the second primary antibody, rinsed with DPPIV Histochemistry PBS, and exposed to the second Alexa 488-conjugated Tissue samples underwent investigation into DPPIV antibody. Colocalization of two primary antibodies from activity using the method described by Lojda (23) with the same host required fluorescence conjugated detecminor modifications. Slides were first fixed for 5 min in tion with special antibodies, which were selected to the 95% ethanol/5% glacial acetic acid, followed by washprimary subtype class consecutively to avoid cross-reacing in 95% ethanol at 4°C for 5 min and then air drying.
tivity. Subsequently, the slides were incubated for 40-60 min Slides were finally covered with DAPI Vectashield  at room temperature in a substrate consisting of 100
Mounting Medium with DAPI (1 µl/ml) (Vector Laborammol/L trismaleate (pH 6.5), 100 mmol/L NaCl, 1 mg/ tories, UK) to visualize cell nuclei. Negative controls ml Fast Blue BB, and 0.5 mg/ml Gly-pro-methoxy-βwere carried out for each antibody by omitting the prinaphthylamide. After washing in 1× phosphate-buffered mary antibody from the protocol. saline (PBS), slides were counterstained with hematoxy-Multiple immunofluorescence-labeled specimens were lin for 1 min and rinsed in water. Before mounting in serially excited and observed with the rhodamine-FITC pure glycerol, final fixation was performed in cold 10% and UV filter set on a confocal Zeiss Axioscope (Jena, formaldehyde for 5 min.
Germany). Pictures of each filter set were taken separately (software Leica DC100, version 2.51) and digi-Immunostaining of DPPIV tally merged using the layering technology of Adobe Photoshop  7.0. The antibody to CD26 recognizes the DPPIV antigen on hepatocytes. Tissues were blocked with 5% goat se-Flow Cytometric Analysis rum diluted in Tris buffer (pH 7.4) for 20 min, washed three times in Tris buffer, and incubated for 2 h at room Flow cytometry was carried out using a fluorescenceactivated cell analyzer (Becton Dickson, San Jose, CA). temperature with the primary antibody diluted 1:100 in Tris. After washing again, sections were incubated with Fluorescence at 488 nm excitation was measured through a 530-nm filter for FITC with 4-decade logarithmic am-the labeling antibody Alexa Fluor 568 (1:400) for 1 h. Liver tissue from DPPIV-deficient rats served as a nega-plification. To measure physical cell characteristics, linear amplification was used for forward scatter (cell size) tive control. and logarithmic amplification for side scatter (cytoplasmic granularity).
To analyze DPPIV-positive cells in transplanted animals, hepatocyte isolation was carried out using the in situ collagenase perfusion technique as mentioned above. The mouse monoclonal antibody to CD26 was used to label the target donor cells. Cell fractions were incubated with the antibody (0.5 µg antibody/10 6 cells in 100 µl) for 20 min at room temperature, rinsed in 1× PBS + 1% bovine serum albumin, and then subjected to a further incubation step with the secondary antibody (FITCconjugated anti-mouse IgG at a concentration of 10 µl/ 10 6 cells, from Sigma-Aldrich). After washing and resuspending the pellet in buffer, sample data were acquired immediately from the flow cytometer. In total, three separate samples were taken for analysis. Cells were gated into two subpopulations: DPPIV positive and DPPIV negative.
RESULTS

Entry of Transplanted Hepatocytes Into the Parenchyma
Directly following intraportal injection, transplanted cells were transported towards the portal system, where they formed microemboli in the small distal branches. A small number of entrapped cells translocated even further into the hepatic sinusoids ( Fig. 1A) . Twenty-four hours later, large numbers of cells were present in the portal areas. Individual donor cells were readily deposited in the parenchyma close to the portal areas. As a result of the cell isolation and transplantation process, transplanted cells displayed a diffuse distribution of DPPIV activity over their cell surface. Inflammatory cell infiltrates were detected in close proximity to transplanted cells, most notably in the portal areas ( Fig 1B) . Transplanted cells appeared to be cleared from the portal areas within 3 days. No major infiltration by inflammatory cells was observed beyond day 7. 
Demonstration of Liver Repopulation
Cell size and morphology of both host and donor hepa-
Successfully integrated hepatocytes started to repopulate the host parenchyma in close proximity to reconsti-tocytes appeared similar.
To assess the exact number of donor cells 2 months tuted portal triads (Fig. 3C ). New sinusoids formed where donor hepatocytes proliferated, as seen in Figure  after transplantation, hepatocyte suspensions from repopulated liver were harvested and labeled. Flow cyto-3D, obtained 3 weeks after transplantation. Finally, host hepatocytes and donor cells shared both blood supply metric analysis revealed that some 37% of the total hepatocyte population posttransplantation consisted of and biliary drainage system. transplanted cells and their descendants (Fig. 2) . Their
Gradual Integration of Donor Cells and Formation cell size was similar to those of the host hepatocytes, of Hybrid Cell Membrane Domains effectively demonstrated by the vertical nature of the relative distribution of forward scatter for the two re-Cell communication between adjacent hepatocytes spective populations.
requires the presence of hybrid gap junctions. Therefore, the successful integration of transplanted cells may be Passage Through the Endothelial Barrier quantified by the degree of gap junction protein reconstitution. Donor hepatocytes became entrapped primarily in the branches of the portal system, with a few cells entering Chemical and mechanical deterioration resulting from the cell isolation protocol destroys tissue integrity. sinusoids within the first hour. A smaller proportion traversed the endothelial barrier, a process requiring up to Gap junctions are preserved only to an extent on the isolated cells prior to and immediately after transplanta-19 h. Immunofluorescence staining with the antibody OX-43 was used to depict the endothelial lining of portal tion. The distribution pattern indicated random expression in the donor cell membranes, but not necessarily vein radicles as well as sinusoids. After this period of 19 h following transplantation, we could only observe expression between neighboring cells. On passing through the endothelial barrier, cell surface structures were fur-individual cells as having crossed the endothelial barrier. The major proportion of donor cells remained in the he-ther impaired (Fig. 4A) . Transplanted hepatocytes appeared to redistribute their gap junctions in accordance patic sinusoids without any further prospects of integration (Fig. 3A) . Donor cells were observed as having tra-with their new environment over a time period of between 3 and no more than 5 days (Fig. 4B) . Thereafter, versed the endothelial barrier not only in the sinusoids as expected, but also directly from the portal radicles.
donor cells displayed an increasingly pronounced and distinct distribution of connexin 32 as an indicator of This is visible in Figure 3B , in which the distinct endothelial barrier of the portal branch is seen to be inter-the effective integration and communication within the recipient parenchyma. These hybrid cell membrane do-rupted at the site where transplanted hepatocytes entered the liver plate directly. mains, visualized as fully formed dotted membrane struc- tures, were shared between adjacent donor and host he-Degradation of the extracellular components was initiated by the activation and release of MMP-2. Transplanted patocytes. Similarly, the sharp crescent-shaped distribution of DPPIV staining in the basolateral hepatocyte mem-cells were surrounded by defined areas of MMP-2 accumulation (Fig. 5A ). This effect was notably demon-branes indicated the successful integration of fully differentiated and metabolically active donor hepatocytes. strated when viewing the circumference of proliferating clusters. In addition, the expression of MMP-2 within the proliferating clusters of cells derived from donors Modulation of Extracellular Matrix was low, whereas MMP-2 expression in the host liver plate was both greater and more inhomogeneous (Fig. After intraportal transplantation, donor hepatocytes were entrapped in the distal portal vein radicles and si-5B). In normal liver tissue or in liver pretreated only with retrorsine, MMP-2 was expressed only weakly, the nusoids where they affected the adjacent host tissue. Twenty-four hours later, significant changes in the for-distribution over the liver plate being homogeneous with no specific staining pattern (data not shown). mation of extracellular matrix could be distinguished. cells into the host liver plate after intraportal transplanta-cyclophosphamide administration prior to cell transplantation. Their results showed the accelerated entry and tion. Donor cells were clearly deposited in the distal portal spaces with a small number of donor hepatocytes be-integration of transplanted cells into the liver parenchyma. Various factors determine the fate of unintegrated ing washed into sinusoids within 1 h. This speaks very much in favor of the intraportal transplantation route in cells. Ischemia resulting from cell embolization after transplantation is most likely to activate inflammatory place of the more documented intrasplenic route. The migration of transplanted cells from the spleen to the cells and trigger mechanisms such as apoptosis. Remaining cells, including nonviable and physically restrained liver parenchyma is a process involving a significant time delay of up to 48 h (5), with only a proportion of cells, are finally cleared from the vascular space by Kupffer cells and nonresident macrophages within a transplanted cells finally being transported towards the targeted liver (16) . Looking into the clinical approaches, time span of around 24-48 h (14,19) or even up to 3 days (own data). Any immune response to the trans-use of an ectopic transplantation site such as the spleen would require higher yields of the valuable donor cells.
planted cells may be excluded, because we are utilizing a syngeneic transplantation model. For the first time, we demonstrated that the site of donor cell engraftment after intraportal transplantation is "Shear forces" lead to the alteration of the surface of transplanted cells during traversal of the endothelial not only the documented sinusoidal space but also the distal portal vein radicle. This phenomenon may be sim-barrier. In our study, loss of gap junctions was clearly demonstrated on donor hepatocytes. Subsequent to entry ilarly closely related to the hypothesis that direct intraportal insertion of transplanted cells leads to greater por-into the host parenchyma, transplanted cells have to reconstitute their cell membrane surface and further estab-tal hypertension and mechanical stress in the portal vascular system. Despite the fact that intraportal hyper-lish contacts to host hepatocytes. Sporadic and transient disruption of gap junctions in the host liver plate as an tension results in severe portal hypertension, this transplantation route is still a feasible and safe method even effective indicator of tissue separation presumably takes place as well, but could not be demonstrated consistently in patients, as was recently shown by Hyon and his workgroup (18) . They demonstrated that the negative effects by immunofluorescence analysis in our studies (antibody to a segment of the cytoplasmatic loop domain of of intraportal infusion of islet cells, such as alterations of hepatic enzymes, occur only transiently. connexin 32). Using a different antibody, Gupta et al.
(15) could demonstrate partial immunostaining loss of In our experimental study, disintegration of the endothelial barrier was documented over a time period of 19 connexin 32 on host hepatocytes in close proximity to donor cells between 2 and 24 h after cell transplantation. h. There are presumably two main factors contributing to the circumscribed disruption of the endothelium. The Specific extracellular components may foster the settlement of engrafting cells. We conclude from our obser-short-term occlusion in the region of the small branches of the portal vein caused by conglomerations of trans-vations that MMP-2 regulation plays a significant role after hepatocyte transplantation. In the early phases, the planted cells may lead to temporary ischemia of the surrounding tissue. Parenchymal hepatocytes and vascular degradation of extracellular matrix components aims to create space for donor cells, once they have succeeded endothelial cells in the portal fields may well be involved in the process of increased oxidative stress, subsequent in crossing the endothelial barrier. At later points in time, an increase in the release of MMP-2 is detectable release of free radical, and various cytokines (13,25). We consider mechanical damage and "shear forces" in adjacent areas of the host liver where donor hepatocytes proliferate. So far, it remains unclear as to which caused by the embolizing transplanted cells to be the second crucial factor. Building on this theory, the trans-type of cell releases the metalloproteinases. Further studies have to be carried out to reveal whether host or plantation of fewer donor hepatocytes resulting in less vascular congestion and portal hypertension leads to a donor hepatocytes, stromal cells, or nonresident cells are involved in this matter and how they may be targeted much smaller number of successfully integrated cells.
We did not observe any major deformation of trans-for clinical benefit. In our studies, we present a method for the quantita-planted hepatocytes passing through the endothelial barrier, providing no evidence for mechanisms indicating tive assessment of liver repopulation using flow cytometry. Up until now, morphometric analysis has been the entry through endothelial fenestrae or gaps. Further studies need to elucidate possible mechanisms of influ-elaborate standard method to estimate the number of cells derived from donors. In the past, FACS analyses encing the endothelial barrier (e.g., cytokines, growth hormones, drugs), as more rapid liver deposition may were only performed on digested liver cell suspensions after transplantation of exogenously labeled hepatocytes well be of major significance for clinical application. First attempts were made by Malhi et al. (24) , who di-(8,26). However, this method is very much limited to short-term experiments, as the exogenous dyes fade rap-rectly disrupted the hepatic sinusoidal endothelium with grant from the Research Promotion Programme 2000 of the idly in the recipient organ. We therefore established a Faculty of Medicine and University Hospital of the Georgflow cytometry protocol, which takes advantage of the
